Introduction {#sec1-1}
============

Burned human remains are frequently found after natural disasters or house fires,\[[@ref1][@ref2]\] as a result of either direct contact with open flames or the exposure to high temperatures.\[[@ref3]\] In some cases fire is used to destroy forensic evidence and prevent clear identification and recovery.\[[@ref4]\] Positive identification and investigation of burned human remains require a great deal of experience and care.\[[@ref5]\]

Andersen *et al.*,\[[@ref6]\] classified six grades of fire injuries to teeth and jaws: (0) No injury, (1) injury to anterior teeth, (2) injury to anterior and posterior teeth (unilaterally), (3) injury to anterior and posterior teeth (bilaterally), (4) fragments of jaw bone including teeth and/or roots, and (5) no dental remains. Bohnert *et al.*,\[[@ref7]\] listed the effects of fire on the skull based on observations of cremations carried out at 670 to 810°C. Teeth are primarily protected by the soft tissue, muscles and fat for 10 to 24 min, and consequently the temperature inside the oral cavity does not rise above 87°C, depending on the nutritional state, age, temperature, and time of exposure. In 23.4% of the incomplete cremations in forensic cases, the soft tissue of the skull is affected and the heat gets access to the oral cavity.\[[@ref8]\] Therefore, the posterior teeth are preserved due to the layers of skin, muscle, and fatty tissue and are more likely to be used for the identification process of the deceased.\[[@ref3]\] A general estimation of burning temperature could provide important information to reconstruct a criminal act. The results provided in this study are of current importance for the field of forensic odontology, providing a more detailed understanding of thermal stress induced three-dimensional (3D) alterations in human teeth.

Recently, the focus of analysis has shifted from macroscopic heat-induced changes to the microscopic changes. In general, macroscopic changes can be influenced by a large number of external factors such as time and temperature of heat exposure, availability of oxygen, as well as material properties; and therefore do not seem to be the ideal tool for temperature estimation.\[[@ref9]\] So far, microstructure and ultrastructure of burned bones and teeth have mainly been examined by using histology,\[[@ref10][@ref11]\] X-ray diffraction (XRD),\[[@ref12]\] Fourier transform infrared spectroscopy (FTIR),\[[@ref13]\] small-angle X-ray scattering (SAXS),\[[@ref14]\] and scanning electron microscope (SEM).\[[@ref15][@ref16]\] All of these sophisticated but destructive methods have been used throughout many decades, and can be useful for the estimation of cremation temperature range of bones and teeth as well as for the characterization of dental filling materials. However, the destruction of the material is sometimes not acceptable for evidence from forensic cases.

Therefore, noninvasive and nondestructive methods had to be found in order to analyze heat-induced changes of bones and teeth.

Visualization of heat-induced changes {#sec2-1}
-------------------------------------

Savio *et al.*,\[[@ref17]\] evaluated the effects of high temperatures on human teeth using periapical radiographs. In their study, 90 unrestored and endodontically treated human teeth were analyzed after exposure to temperatures from 200-1,100°C using an electric furnace with a constant increase of 30°C/min. A visible increase of heat-induced cracks was found.

The first use of 3D imaging methods on burned bones was by Thompson and Chudek,\[[@ref18]\] who used magnetic resonance imaging (MRI) to visualize heat-induced changes. The authors used 1.5 cm thick sections of sheep bone and exposed them two times for 30 min at 700°C using an electric furnace. Due to the reduced resolution, the scans could not show the detailed 3D alterations of skeletal tissue.

Aim of micro-CT study {#sec2-2}
---------------------

For a better understanding of the heat-induced 3D changes inside teeth, the noninvasive imaging technology of micro-CT was used for the first time in this application. This experimental study provides image data for a qualitative 3D reconstruction as well as quantitative results. This novel approach to evaluating burned human teeth produced results for a more detailed understanding of thermal stress-induced 3D alterations in human teeth as well as useful statistical data for interpretation and estimation of burning temperatures.

Subjects and Methods {#sec1-2}
====================

Human teeth sampling and preparation {#sec2-3}
------------------------------------

A total of 18 human third molars from clinical extractions were cleaned to eliminate blood residues, and disinfected in a 5% sodium hypochlorite solution for 30 min. A declaration of consent was filled out by every donor involved in this study. Teeth were excluded from the study because of unknown patient age, damages (e.g. broken roots), endodontic treatments, dental restorations or caries. The 18 intact third molars (nine female and nine male, mean age: 23.06 ± 2.15 years) were rehydrated by using phosphate buffered saline at room temperature.

Thermal treatment {#sec2-4}
-----------------

The 18 teeth were randomly divided into three groups before subjecting them to the thermal stress. Six teeth of each temperature group (400, 650, and 800°C) were put in crucibles and burned at the same time in an electric furnace (Medlin Naber N3R, Vienna, Austria) with 25°C increase per minstarting at room temperature. The time of thermal stress exposure for each group was on average 13.25 min to reach 400°C; 23.25 min to reach 650°C, and 31.5 min to reach 800°C. As soon as the desired temperature was reached the specimens were removed from the furnace, cooled to room temperature in air and then stored in conical tubes padded with cotton. The macroscopic changes of the teeth were described and documented by direct vision of the samples and photographs using a compact digital camera.

Micro-CT study {#sec2-5}
--------------

This study was performed using a SkyScan 1174 compact micro-CT scanner (SkyScan, Kontich, Belgium). The general settings for the scans were a voxel size of 17.7 μm, exposure time of 3,500-4,500 ms (800 μA, 50 kV), 180° rotation (with three projections images per degree), 0.5 mm aluminum filter, and random movement, resulting in a mean scanning time of 56 h. The resulting slices were reconstructed using NSRECON (SkyScan, Kontich, Belgium). The original scanning files (1024 × 1024 pixels) were stored in 16-bit TIFF format; the reconstructed files were saved as 8-bit JPEGs for easier handling during the 3D reconstruction.

3D Reconstruction {#sec2-6}
-----------------

Following the tomographic reconstruction (SkyScan NRECON; SkyScan, Kontich, Belgium) and conversion of the raw data (Adobe® Photoshop Creative Suite 4) the scans were segmented, measured, and reconstructed. The automated segmentation was done with Definiens XD Developer 1.2 (Definiens AG, Munich, Germany) based on a specially developed image analysis algorithm, which allowed the classification of voxel (3D pixel) data into objects representing the dental pulp, cracks, and dental tissue on the basis of grey scale and shape differences. To control the results of the automated segmentation, additional manual segmentation was carried out in five cases using Visage Imaging Amira 5.2.2 (Visage Imaging Inc., San Diego, USA). The resulting data (voxels representing the volume of the three classes) of the automated segmentation were analyzed with Statistical Package for Social Sciences (SPSS) 17 (SPSS Inc., Chicago, USA) software package. The final 3D reconstruction was also performed with Visage Imaging Amira 5.2.2.

Statistical analysis {#sec2-7}
--------------------

The results of the automated segmentation were analyzed with an analysis of variance (ANOVA) and uncorrected *post hoc* least significant difference (LSD) tests using SPSS 17 (SPSS Inc., Chicago, USA) software package. A probability level of *P* \< 0.05 was used as an index of statistical significance.

Results {#sec1-3}
=======

Heat-induced changes {#sec2-8}
--------------------

Three teeth completely broke apart during the heating process and one tooth during the subsequent handling. In total, 14 teeth (400°C group, *n* = 5; 650°C group, *n* = 5; 800°C, *n* = 4) were included in the statistical data analysis.

400°C group {#sec2-9}
-----------

At 400°C the teeth showed a loss of brightness of the crown and root. In two cases the root acquired a brown color. A partial or full debonding of the crown alongside the dentin-enamel junction was observed in none of the specimens. In the micro-CT images only small cracks were visible in the crown region, whereas multiple small cracks were in the root region \[[Figure 1](#F1){ref-type="fig"}\]. These cracks were frequently located in the root and usually did not reach the dentin-enamel junction. In the 3D models, the 400°C group showed mostly longitudinal cracks, and in rare cases also in the transverse direction. The mean volume of cracks was 2.95% (SD: ± 1.83%, values ranging from 1.61-4.38%) \[[Table 1](#T1){ref-type="table"}\] of the total tooth volume.

![Three dimensional surface rendering and corresponding X-ray microtomography slice of a burned molar (400°C, tooth 7) showing no debonding of the enamel. (a) Small longitudinal cracks present in the crown region, (b) multiple longitudinal and transverse cracks and small cracks in the root region](JFDS-6-139-g001){#F1}
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Volume obtained from automated segmentation data

![](JFDS-6-139-g002)

650°C group {#sec2-10}
-----------

The teeth subjected to 650°C became fragile and showed grayish-black discoloration of the whole tooth. A partial or full debonding of the crown alongside the dentin-enamel junction was observed in all specimens. Fragmentation after the separation of the crown could be observed in two specimens. In the micro-CT images a variety of cracks were identified \[[Figure 2](#F2){ref-type="fig"}\]. Deep cracks were evident in the root, whereas the enamel surface showed small cracks. The vast majority of the cracks were present in the area of the dentin-enamel junction. In general, this region showed a small amount of cracks accompanied by many small cracks around the dentin-enamel border. The cracks did also affect the enamel, but only rarely propagated out through the enamel. In the 3D models, the 650°C group mostly showed cracks in longitudinal and transverse direction arising from the dental pulp, and a complex contour pattern could be found \[[Figure 3](#F3){ref-type="fig"}\]. The mean volume of cracks was 7.75% (SD: ± 2.65%, values ranging from 5.02 − 11.83%) \[[Table 1](#T1){ref-type="table"}\] of the total tooth volume.

![3D surface rendering with corresponding micro-CT slices of a burned molar (650°C, tooth 5) showing partial debonding of the enamel. (a) The majority of the cracks (longitudinal, transverse, and contour) are present in the dentin-enamel junction area, (b) Deep cracks are evident in the root region](JFDS-6-139-g003){#F2}

![3D reconstruction model (650°C, tooth 5). Cracks in longitudinal and transverse direction arising from the dental pulp (shown in red), and complex contour pattern at the dentin-enamel junction (blue)](JFDS-6-139-g004){#F3}

800°C group {#sec2-11}
-----------

In general, the teeth subjected to 800°C became very fragile and showed chalky white discoloration of the root and slightly grayish color variations of the crown. A partial or full debonding of the crown alongside the dentin-enamel junction was observed in all specimens. Fragmentation after the separation of the crown could be observed in two specimens. In the micro-CT images a variety of cracks was observed \[[Figure 4](#F4){ref-type="fig"}\]. The vast majority of the cracks were present in the area of the dentin-enamel junction. In general, this region showed massive cracks with many small cracks around the dentin-enamel border. The cracks did also affect the enamel and did propagate out through the enamel. In the 3D models, the 800°C group mostly showed cracks in longitudinal and transverse direction arising from the dental pulp, and a complex contour pattern could be found. The mean volume of cracks was 9.65% (SD: ± 5.65%, values ranging from 4.03 − 14.54%) \[[Table 1](#T1){ref-type="table"}\] of the total tooth volume.

![3D surface rendering and corresponding micro-CT slices of burned molar (800°C, tooth 12) showing partial debonding of the enamel. (a) The majority of the massive cracks (longitudinal, transverse, and contour) are present in the dentin-enamel junction area, (b) Deep cracks evident in the root region](JFDS-6-139-g005){#F4}

Statistical analysis {#sec2-12}
--------------------

The results of the volume data elicited from the automated segmentation, which were analyzed with SPSS 17, are given in [Table 1](#T1){ref-type="table"}. A statistically significant (*P* \< 0.05, ANOVA *post hoc* LSD) temperature-dependent increase of heat-induced cracks was observed between 400 and 650°C (*P* = 0.049), as well as 400 and 800°C (*P* = 0.014). ANOVA tests (*P* \< 0.05) also showed that in this study the total volume of the tooth as well as the volume of the dental pulp did not influence the total volume of cracks.

Discussion {#sec1-4}
==========

An important factor, generally not taken into account in lab-based experiments but present in an actual house fire is the fast increase of temperature, possible usage of fire accelerants, the longer duration of heat exposure, and the fast cooling due to quench water. These facts are expected to lead to modified results. This study used a 25°C gradual increase per min, comparable to other previous experimental studies dealing with heat-induced changes of teeth.\[[@ref10][@ref17]\]

The macroscopic heat-induced color changes of this study correspond with previous observations of unrestored human teeth.\[[@ref19][@ref20][@ref21]\] In total, four specimens of the 650°C and 800°C temperature group had a completely fragmented crown \[[Figure 5](#F5){ref-type="fig"}\]. The different material properties of dentin and enamel cause a separation and fragmentation of the crown between 400 and 500°C.\[[@ref11]\] The partial or full debonding of the crown alongside the dentin-enamel junction is strongly related to the final temperature and heat-induced dentinal shrinkage.\[[@ref22][@ref23]\] Hughes and White\[[@ref22]\] indicate that teeth undergo dehydration which makes the dentin material more brittle and dentin-enamel junction weaker. Additionally, the location of the origin of the cracks near the dental pulp cavity is caused by the intertubular tensile stress, allowing the crack to propagate through the structurally modified dentin and enamel.\[[@ref22]\] Moreover, the organic and water content of the dentin, which is expected to be higher in young teeth, supports the rapid evaporation of the stored water, leading to a more complex crack pattern.\[[@ref11]\] The statistical results have primarily been influenced by two factors. Firstly, by the small sample size (*n* = 14) and secondly, the separation of the crown led to a variance in the total volume of cracks \[[Figure 6](#F6){ref-type="fig"}\]. Nonetheless, a general increase in heat-induced crack volume could be observed giving an additional indication of high-temperature exposure.

![Scatter plot of group classifications including interpolation line. Triangles indicate the presence of the crown, while circles indicate its absence after the heat exposure. In the 400°C group enamel was generally preserved, while enamel was often missing in the 650 and 800°C groups](JFDS-6-139-g006){#F5}

![Mean volume of cracks is shown (± 1 standard deviation (SD)). The error bars indicate a small variation of crack volume in the 400°C group, whilst in the 650 and 800°C group the variation of crack volume was much higher due to presence/absence of crown](JFDS-6-139-g007){#F6}

In the last few years, micro-CT scanning technology has become commonly used in various fields of biology and medicine, including forensic sciences.\[[@ref23]\] The most important advantage of micro-CT over MRI and CT is its high resolution. Whilst earlier MRI studies on heat-induced changes of bones used a voxel size of 230 μm,\[[@ref18]\] micro-CT provided a voxel size as small as 17.7 μm, allowing the visualization of fine cracks, normally only visible in light microscopic observations. However, as micro-CT is based on X-ray transmission images, teeth fillings with metal compositions would lead to artifacts influencing the image data analysis.

The automated segmentation approach used in this study gave accurate and repeatable results. All measurements were computed using the same image algorithm; therefore, an intraexaminer error is not present. Manual control of the segmentation results were additionally carried out in five cases, but showed no major influence on the originally elicited data. This novel approach has advantages in comparison to previously proposed methods. In contrast to histological sections, SEM, XRD, SAXS, and FTIR; micro-CT is nondestructive and can therefore also be used in forensic and archeological investigations without destroying the specimen.

Conclusion {#sec1-5}
==========

This small-scale preliminary study showed how isolated human teeth react to high temperatures and indicated a temperature-specific volume of cracks. Relevant data of the cracks could be effectively elicited from the burned remains using modern techniques and analytical methods. The use of micro-CT proved to have clear advantages over earlier, mostly invasive or destructive, methods. Although this study had a limited sample size, micro-CT appears to be a feasible supportive method for determining temperatures of burned human remains. This technique revealed novel insights into heat-induced changes of teeth, offering new perspectives for forensic investigations as well as archeological excavation material.
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